Background: Spinal cord ischemia-reperfusion injury (SCII) is a common complication of spinal surgery as well as thoracic and abdominal surgery. Acute cytotoxic edema is the key pathogenic alteration. Therefore, avoiding or decreasing cellular edema has become the major target for SCII treatment.
Introduction
Spinal cord ischemia-reperfusion injury (SCII) is a common complication of spinal surgery as well as thoracic and abdominal surgery. It causes paralysis, heavy mental stress, and economic burdens to society and the patient's family. Most SCII patients are young and middle-aged laborers, and the mortality rate is as high as 3.8% to 7.6%. [1] Although the pathogenesis of SCII is not fully understood, acute cytotoxic edema at the injured site is the key pathogenic alteration, which could be used to determine the prognosis of SCII. [2] Therefore, avoiding or decreasing cell edema has become the major target for SCII treatment.
Aquaporin (AQP), a water channel protein, plays a crucial role in the maintenance of water balance and the internal environment. Thirteen AQPs have been discovered so far, including AQP0 to AQP12. [3, 4] Among them, AQP4 plays an important role in the transmembrane transport of water molecules. Abnormal expression of AQP4 can result in pathological edema. [5, 6] AQP4 is mainly distributed in astrocytes in the spinal cord and brain. To maintain the water balance in the central nervous system, AQP4 mainly processes water uptake and water transfer at the end foot of astrocytes. [7] Although the related research is still limited, it is clear that the abnormal expression of AQP4 in brain astrocytes is closely related to cerebral edema formation. [8] It is noteworthy that the cellular composition of the spinal cord is similar to that of the brain, and the pathogenesis of edema in SCII is similar to that of brain edema. Therefore, it is speculated that the pathogenesis of edema in SCII is related to the abnormal expression of AQP4.
Ginsenoside Rb1 monomer (molecular formula: C 54 H 92 O 23 , molecular weight: 1109.29 Da) is a traditional Chinese medicine ginseng extract. Ginsenoside monomer has biological activities of antioxidation, antiapoptosis, and nerve protection. [9, 10] In recent years, Chinese scholars have tried to use ginsenoside monomer for the treatment of nervous system diseases and nerve injury.
To date, there are no effective drugs for the treatment of SCII available in the clinic. The drugs most frequently used for SCII management are glucocorticoids, nerve growth factor (NGF), and neurotrophic factor-3, which can reduce spinal cord edema to various degrees. However, their drawbacks of a limited efficacy, high side effects, and a high cost are unsatisfactory to clinicians. [11] [12] [13] Therefore, it is important to develop new drugs for SCII treatment, especially amelioration of spinal cord neuronal edema. Ginsenosides are a group of steroid glycosides and triterpene saponin natural products that are widely used in traditional Chinese medicine. [14] In this study, we explored the role and possible signaling pathways of ginsenoside Rb1 in AQP4 induction in rat astrocytes in vitro. The results of this study could provide a new method for the clinical prevention and treatment of SCII edema.
Materials and Methods

Primary astrocyte culture and oxygen-glucose deprivation/reperfusion (OGD/R) model
Primary astrocytes were prepared from the myeloid tissues of neonatal rats, according to a method described previously. [15] The prepared cells were cultured in glucose-free Dulbecco modified Eagle medium (DMEM; Gibco, Rockville, MD) in a 37°C incubator containing a humidified gas mixture of 1% O 2 / 95% N 2 /4% CO 2 for 2 hours. For reoxygenation, the cells were incubated for 24 hours with normal DMEM containing 10% fetal calf serum in a 37°C incubator containing humidified 5% CO 2 /95% air. The OGD/R model was established as described previously [16] to simulate the SCII process. The experimental protocols were approved by the Jilin University Animal Ethics Committee 2.2. Cellular survival assay by the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay
The cytotoxicity of ginsenoside Rb1 (purity ≥98.00%; Sigma-Aldrich, St. Louis, MO) in astrocytes was determined by measuring the cellular viability using the colorimetric MTT assay (Promega, Madison, WI). Briefly, starved astrocytes (10 5 cells/well) were cultured at 37°C and 5% CO 2 for 72 hours in a 96-well plate in the absence or presence of various concentrations of ginsenoside Rb1 (32.00 mg/mL, 25.60 mg/mL, 20.48 mg/mL, 16.38 mg/mL, 13.12 mg/mL, 10.49 mg/mL, 8.39 mg/mL, or 6.71 m g/mL, respectively; each reaction condition was replicated in 4 wells). After staining with 0.5 mg/mL MTT for 4 hours under 5% CO 2 at 37°C in an incubator, the absorbance at 570 nm was measured by a plate reader (BioTek, Winooski, VT). Each test was repeated twice. The optical density value of the nondrugtreated cells was normalized as a 100% survival rate. A ginsenoside Rb1 dose of 16.38 mg/mL provided a survival rate of 97.26%; therefore, it was defined as the maximal tolerable concentration.
Western blot
Western blot was employed to evaluate AQP4 protein expression in astrocytes. Total protein extract (50 mg) was loaded onto a 10% sodium dodecyl sulphate-polyacrylamide gel, separated by electrophoresis, and transferred onto a nitrocellulose membrane (Sartorius, Goettingen, Germany). After blocking with 5% milk for 1 hours, the membrane was incubated with polyclonal AQP4 (1:500, ab46182) or b-actin (1:1,000; ab8227) antibody (Abcam, Cambridge, UK) overnight at 4°C and then horseradish peroxidase-conjugated goat anti-rabbit polyclonal IgG (1:800; sc2004; Santa Cruz Biotechnology, Inc, Dallas, TX) for 1 hours at room temperature. The probed target proteins were then visualized with enhanced chemiluminescence reagent (Santa Cruz Biotechnology, Inc) and exposed on an X-ray film.
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA from astrocytes was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. The corresponding complementary DNA was synthesized by a reverse transcription kit (Promega), and quantitation of the target gene expression was evaluated by real-time RT-PCR with SYBR Green (Bio-Rad, Richmond, California), according to the manufacturer's instructions. The human AQP4 primers were as follows: sense, 5 0 -ATTGGGAGTCACCACGGTTCAT-3 0 ; antisense, 5 0 -TGGATTCATGCTGGCTCCGGTAT-3 0 . The b-actin primers were as follows: sense, 5 0 -TCACCCACACTGTGCC-CATCTACG-3 0 ; antisense, 5 0 -GGATGCCACAGGATTCCA-TACCCA-3 0 . A total of 40 amplification cycles (94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 40 seconds) were performed. The results were analyzed using the 2 ÀDDCT method. [17] 
Gene clone, small interfering RNA (siRNA), and gene transfection
The rat AQP4 siRNA oligonucleotide (5 0 -GCCAAGTGGAGA-CAGAAGA-3 0 ) and negative control sequence (5 0 -TTCTC CGAACGTGTCACGT-3 0 ) were purchased from Gene-Pharma (Suzhou, China). For the gene expression study, the full-length sequence (972 bp) of the rat AQP4 gene was synthesized by PCR and cloned into the LV5 vector at the Not I and Nsi I restriction sites by GENEWIZ Biology Company (Beijing, China).
Astrocytes (1 Â 10 6 ) were cultured in a 6-well culture plate with complete DMEM/high-glucose medium (Gibco, Grand Island, NY) containing 10% fetal bovine serum (PAA, Pasching, Austria) and 1% penicillin/streptomycin in an incubator at 37°C with a humidified atmosphere and 5% CO 2 . The complete DMEM medium was replaced by Opti-MEM serum-free medium (Gibco) when the cell fusion level reached more than 80%.
The AQP4-LV5 plasmid or AQP4 siRNA was transfected into the rat astrocytes by using Polybrene Transfection Reagent (Sigma-Aldrich, St. Louis, MO). Briefly, the mixture of AQP4-LV5 plasmid or AQP4 siRNA and polybrene (6 mg/mL) was prepared at a 100:1 ratio and transfected into astrocytes, according to the manufacturer's instructions. After 24 hours, the transfection medium was replaced with complete DMEM, and these cells were used for the subsequent experiments.
Enzyme-linked immunosorbent assay (ELISA)
The expression levels of NGF and brain-derived neurotrophic factor (BDNF) in the supernatants of the coculture medium were determined with the corresponding commercial ELISA kits (eBioscience, San Diego, CA), according to the manufacturer's instructions. The cellular water permeability was detected by the hypotonic medium-induced water influx method, according to the description of Capurro et al [18] Astrocyte volumes were examined by a fluorescence-self-quenching method with calcein-AM dye (Sigma-Aldrich). Briefly, astrocytes were incubated with 150 mOsm hypotonic phosphate-buffered saline (PBS) for 30 minutes and stained with 2 mM calcein-AM for 30 minutes. The calceinloaded astrocytes were then mounted on glass slides, and the images were captured by an inverted epifluorescence microscope equipped with a computer-controlled charge-coupled device camera (Sony Corp, Tokyo, Japan). The cellular volume of the captured images was analyzed by ImageJ software (http://imagej. nih.gov/ij/).
In vitro experiments
To evaluate the role of AQP4 on the neuroprotective activity of ginsenoside Rb1 in vitro, we first intervened with AQP4 messenger RNA (mRNA) expression in the astrocytes by AQP4 gene transfection or AQP4 silencing. The astrocytes were then assigned to the following groups: control, OGD/R, OGD/R + AQP4 overexpression, OGD/R + AQP4 overexpression-vector, OGD/R + AQP4 overexpression + ginsenoside Rb1, OGD/R + si-AQP4, OGD/R + si-vector, and OGD/R + si-AQP4 + ginsenoside Rb1. The AQP4 gene expression and silencing were evaluated by real-time PCR and western blot analyses. Meanwhile, the effects of AQP4 gene silencing on the cell water permeability were determined as well. Next, the astrocytes were treated with ginsenoside Rb1 and divided into the following 4 groups: control, OGD/R, OGD/R + PBS, and OGD/R + ginsenoside Rb1. The effects of ginsenoside Rb1 on astrocytes were analyzed by AQP4 gene expression, functional detection, cytokine analysis, and water permeability examination.
Statistical analysis
All data are presented as the mean ± standard deviation. The differences between the control and test groups were calculated by the analysis of variance test. P < .05 was considered statistically significant.
Results
The maximum tolerable concentration of ginsenoside Rb1 in astrocytes
The maximum tolerable concentration of ginsenoside Rb1 was examined by the MTT assay. After treatment with different concentrations of ginsenoside Rb1 (32.00 mg/mL, 25.60 mg/mL, 20.48 mg/mL, 16.38 mg/mL, 13.12 mg/mL, 10.49 mg/mL, 8.39 mg/ mL, or 6.71 mg/mL, respectively) for 72 hours, the MTT results showed that a ginsenoside Rb1 concentration less than or equal to 16.38 mg/mL produced no appreciable effects on astrocyte viability (P < .05). Thus, the maximum tolerable concentration of ginsenoside Rb1 for the cultured astrocytes was 16.38 mg/mL ( Fig. 1 ).
Regulation of AQP4 protein expression by ginsenoside Rb1 in astrocytes
To determine the effect of ginsenoside Rb1 on the expression of AQP4 in astrocytes, the OGD/R model was constructed, and the cells were divided into 4 groups (control, OGD/R, OGD/R + PBS, and OGD/R + ginsenoside Rb1). The AQP4 protein expression levels in the astrocytes of the OGD/R, OGD/R + PBS, and OGD/R www.md-journal.com + ginsenoside Rb1 groups were significantly less than that of the control group (P < .05). Moreover, the AQP4 protein expression of the OGD/R + ginsenoside Rb1 group was significantly greater than that of the OGD/R + PBS group (P < .05) ( Fig. 2A and B) . A similar response pattern was observed at the gene expression level by real-time PCR (Fig. 2B) . These results indicated that ginsenoside Rb1 significantly prevented the OGD-induced AQP4 expression decrease in astrocytes and that AQP4 mediates the antiedema activity of ginsenoside Rb1.
AQP4 gene silencing efficiency
To further investigate the crucial role of AQP4 in the edema process, we established AQP4 gene knockdown by the corresponding siRNA as well as AQP4-overexpression models in astrocytes. Figure 3 shows the AQP4 protein ( Fig. 3A and B ) and mRNA ( Fig. 3C ) expression levels in the AQP4-silenced and -overexpressed cells. The AQP4 protein expression in the OGD/R model was significantly less than that of the control group; these findings were similar to those shown in Figure 2 . On the other 
Ginsenoside Rb1 attenuated OGD-induced cellular water permeability in astrocytes
The cellular edema was estimated by a cellular membrane water permeability assay to verify whether ginsenoside Rb1 could prevent OGD-induced cellular edema. The results showed that the exposure of astrocytes to hypotonic solution for 20 to 30 minutes significantly elevated the astrocyte water permeability compared with the normal control, suggesting that OGD/R can increase cellular water permeability to induce cellular edema. However, ginsenoside Rb1 treatment obviously decreased the OGD-induced water permeability elevation (Fig. 4A ).
Antiedema potential of AQP4 in astrocytes
The results shown in Figures 2 and 3 indicate that AQP4 expression was significantly decreased in the OGD cellular model in astrocytes, suggesting that AQP4 might have antiedema potential and play an important role in the antiedema activity of ginsenoside Rb1. Next, we knocked down the AQP4 gene with the corresponding siRNA to see whether AQP4 gene silencing could induce cellular edema by a cellular membrane water permeability assay. For this purpose, we measured the time course of astrocyte swelling (Vt/V0) in response to a hypotonic solution. Interesting, AQP4 gene silencing (astrocytes + si-AQP4) significantly increased the astrocyte cellular water permeability at 15 to 30 minutes after exposure to hypotonic solution (Fig. 4B) . Meanwhile, AQP4 gene overexpression (astrocytes + AQP4 overexpression) significantly decreased the astrocyte cellular water permeability at 15 to 30 minutes after exposure to a hypotonic solution (Fig. 4B ). Furthermore, ginsenoside Rb1 did not alleviate astrocyte swelling caused by AQP4 gene silencing. These data suggest that ginsenoside Rb1 does have antiedema potential and that the antiedema activity is via AQP4. At the same time, ginsenoside Rb1 did not affect the cellular water permeability of astrocytes with AQP4 overexpression. It is speculated that AQP4 overexpression restored the cellular water permeability to normal; therefore, ginsenoside Rb1 did not further affect the water permeability in the astrocytes. These results indicate that ginsenoside Rb1 can only restore the water permeability of astrocytes to normal, but not overcorrect it to excessive levels, so as to protect the astrocytes.
Ginsenoside Rb1 partially attenuated the OGDinduced decrease of NGF and BDNF expression in astrocytes
NGF has been reported to attenuate AQP4-induced edema in rats. [19] BDNF is a member of the neurotrophin family, which participates in the protection of certain neurons of the peripheral and central nervous systems. [20] Here, we investigated whether NGF and BDNF are involved in OGD-induced astrocyte edema as well as the mechanism of ginsenoside-Rb1 reducing edema. The expression levels of NGF and BDNF in cellular culture medium were detected by ELISA in the different treatment groups as detailed above. The results showed that the expression levels of NGF and BDNF in the OGD/R and OGD/R + PBS groups were significantly less than those in the control group (P < .05), and there was no significant difference between the 2 groups. Compared with the OGD/R + PBS group, ginsenoside Rb1 obviously increased the expression of NGF and BDNF (P < .05), but the expression levels were still significantly less than those of the control group (P < .05) (Fig. 5 ). Furthermore, compared with OGD/R, AQP4 silencing or overexpression did not affect the expression of NGF or BDNF, and ginsenoside Rb1 could significantly increase NGF and BDNF expression in the astrocytes with either AQP4 silencing or overexpression. These results indicated that NGF and BDNF were downregulated during the edema process (OGD model) and that ginsenoside Rb1 can partially reverse the OGD-induced downregulation of NGF and BDNF expression in astrocytes. Moreover, NGF and BDNF may be the upstream regulators of AQP4. Thus, the silencing or overexpression of AQP4 does not significantly stimulate the expression of NGF or BDNF.
Discussion
Spinal cord edema is a serious evident pathophysiological change in SCII. [21] During the SCII process, a large number of vasoactive substances are produced, leading to increased capillary permeability, which leads to spinal edema. [21] AQP4 widely expressed in the nervous system and plays viral role in water transport. In particular, a negative correlation between AQP4 and spinal cord edema has been recently reported. [22] Currently, the most widely recognized model that can simulate ischemia-reperfusion injury at the cellular level is the oxygen-glucose deprivation/reoxygenation (OGD/R). [23] In spinal cord tissues, AQP4 is expressed most in astrocytes, and the latter play an indispensable role in the function of spinal cord. [22] Therefore, the astrocyte OGD/R model can be used to simulate the microenvironment of SCII in vitro. In this study, we determined that AQP4 expression was downregulated in the astrocyte OGD model of ischemia and reperfusion ( Fig. 2 ), suggesting that AQP4 may play a pivotal role during the SCII process. This finding further confirms our previous result that AQP4 is downregulated in SCII. [24] In addition, Zhang et al have reported that miR-130b is an upstream regulator that controls AQP4 expression in an astrocyte OGD model. [25] Thus, whether miR-130b participates in the pathological process of SCII would be an interesting topic for further study.
Based on the above data, we believe that increasing the expression of AQP4 in vivo could alleviate the edema caused by SCII. Our previous study showed that SCII in a mouse model resulted in the reduced expression of AQP4 in the spinal cord, which could gradually recover over time. Furthermore, ginsenoside Rb1 treatment significantly attenuated the AQP4 decrease to protect the integrity of the astrocytes. These results were consistent with recently published studies demonstrating that gene induction technology significantly induced AQP4 expression in vivo. [26, 27] In an additional study, gensenoide Rb1 treatment or overexpression of AQP4 significantly attenuated the OGD/R-induced cellular membrane permeability, which further verified that gensenoide Rb1 prevents OGD/R-induced astrocyte edema via AQP4 upregulation.
Since there is currently a lack of drugs that can reduce cellular edema, glucocorticoids are the most commonly used drugs to alleviate acute spinal cord edema, and their mechanism of action may be related to the increase of AQP4 expression. However, their clinical application is limited because of their side effects, short action time, and poor efficacy. [28] In addition, new drugs, such as sulforaphane, can directly reduce SCII through upregulation of AQP4 expression, but its side effects are more serious, which limit its clinical application. [29] Therefore, the development of new drugs for the treatment of SCII, especially by reducing the edema of spinal cord cells, will have important effects on society.
Ginsenoside Rb1 monomer is a traditional Chinese medicine ginseng extract that has been used for the treatment of nervous system diseases and nerve injury. [30, 31] Our previous study indicated that ginsenoside Rb1 treatment obviously prevented SCII in a mouse model through upregulation of AQP4. [24] Furthermore, here, we verified that ginsenoside Rb1 significantly attenuated the OGD/R-induced AQP4 decrease ( Fig. 1 ) and the astrocyte water permeability rate increase ( Fig. 3 ), suggesting that Figure 5 . Ginsenoside Rb1 attenuated the OGD/R-induced NGF and BDNF downregulation in astrocytes. The protein expression of NGF (white) and BDNF (black) was detected in astrocytes under the indicated conditions. Each data point represents the mean of 3 independent assays. # P < .05 versus control; ★ P < .05 versus OGD/R + PBS; ▴ P < .05 versus OGD/R + AQP4 overexpression; ☆ P < .05 versus OGD/R + si-AQP4. AQP4 = aquaporin-4, BDNF = brain-derived neurotrophic factor, NGF = nerve growth factor, OGD/R = oxygen-glucose deprivation/reperfusion.
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Medicine the antiedema activity of ginsenoside Rb1 in the SCII process might be via triggering AQP4 expression in astrocytes. Lv et al have reported that NGF can prevent AQP4-induced edema in rats. [19] In addition, Jones et al have shown that BDNF, a member of the neurotrophin family, can protect certain neurons of the peripheral and central nervous systems. [20] In the astrocyte OGD model, we found that both NGF and BDNF significantly decreased compared with the nontreatment control and that ginsenoside Rb1 treatment partially attenuated this downregulation ( Fig. 4 ), suggesting that the antiedema activity of ginsenoside Rb1 may be via upregulation of NGF and BDNF, which trigger AQP4 expression and thus decrease cellular water permeability. Further experiments to verify this finding in vivo are necessary and are underway in our research group.
Conclusion
In an astrocyte OGD ischemia-reperfusion model, we first demonstrated that AQP4 expression was significantly decreased, the water permeability rate was dramatically increased, and NGF and BDNF expression were obviously reduced. The pivotal role of AQP4 in cellular edema prevention was then verified by AQP4 gene knockdown by siRNA transfection, which significantly increased the cellular water permeability rate. Thus, ginsenoside Rb1 treatment clearly attenuated the OGD-induced AQP4, NGF, and BDNF downregulation and water permeability.
